leucine-rich repeat receptor kinase CEPR 32 . CEPR phosphorylates the phloem-localized class 67 III glutaredoxin CEPD1 33 , which subsequently acquires the ability to exit the phloem and 68 migrate to the endodermis. How CEPD1 triggers the expression of the nitrate uptake 69 transporters NRT1.1, NRT2.1 and NRT3.1 remains elusive. 70
Here, we describe the discovery of a novel peptide family expressed in the phloem 71 that presumably act as a phloem-mobile signal to control Fe uptake in Arabidopsis and, 72 possibly, constitutes a common component of Fe signaling across Magnoliophyta. Members 73 of this family harbor a 17-amino acid C-terminal consensus motif highly conserved across 74 angiosperms that is necessary and sufficient for Fe uptake from the soil. 75 76
Results 77
Similarities in the proteins controlling cellular Fe homeostasis between rice and Arabidopsis 78 suggest signaling nodes that are conserved across species. To discover novel components 79 with critical function in Fe homeostasis, we searched for common sequence motifs in Fe-80 responsive proteins of unknown function in rice and Arabidopsis, two species with well-81 explored Fe deficiency responses. To this end, we mined expression data of Fe-responsive 82 genes that showed greater than 5-fold changes in transcript abundance in response to Fe 83 deficiency. Sequences of 14 rice and Arabidopsis genes encoding proteins of unknown 84 function 34, 35 were screened for common sequence motifs ( Supplementary Table 1 ). The C-85 terminal amino acid sequence G-D-D-D-D-x(1,3)-D-x-A-P-A-A was found to be conserved 86 in two Arabidopsis (At1g47400 and At2g30766) and two rice proteins, corresponding to 87 LOC_Os01g45914 and to a non-annotated transcript encoded by a gene located between 88 LOC_Os07g04910 and LOC_Os07g04930 that we designated LOC_Os07g04920 (probe sets 89
Os.12430.1.S1_at and Os.48053.1.A1_at). 90
Transgenic plants over-expressing At1g47400 under the control of the CaMV 35S 91 promoter displayed necrotic spots on the leaves, resembling Fe toxicity symptoms (Fig. 1a) . 92 dramatically increased levels of Fe, zinc (Zn) and manganese (Mn). In rosette leaves, an up to 101 10-fold increase in Fe, a 6-fold increase in Mn, a 4-fold increase in Zn but no change in 102 copper (Cu) concentration was observed when compared to the wild type ( Fig. 1l ; 103 Supplementary Fig. 1b ). Importantly, the seed Fe concentration was increased two-to three-104 fold in transgenic lines. Seed yield was largely unaffected and only slightly reduced in two 105 overexpression (Ox) lines (#0-8 and #2-1; Supplementary Fig. 1c ). 106
Owing to the observed accumulation of Fe and Mn caused by the over-expression of 107 At1g47400, we designated genes encoding peptides that contain the G-D-D-D-D-x(1,3)-D-x-108 A-P-A-A consensus motif IRON MAN (IMA). The Arabidopsis genome harbors eight IMA 109 genes ( Supplementary Fig. 2a ), which are all responsive to the Fe supply (Supplementary 110 Fig. 2b ). AtIMA1 (At1g47400), AtIMA2 (At1g47395) and AtIMA3 (At2g30766) are highly 111 expressed in both leaves and roots of Fe-deficient plants 35, 37 . By contrast, AtIMA4, which we 112 designated At1g47402, AtIMA5 (designated At1g47406), AtIMA6 (designated At1g47407), 113
AtIMA7 (designated At2g44744), and AtIMA8 (designated At1g47401) are expressed at lower 114 levels and are not included in the TAIR10 genome annotation ( Supplementary Table 2 ). 115 IMA2 shares 82% sequence identity with IMA1 and is organized as a tandem repeat. 116 IMA1 and IMA3 share only sequence identity within the IMA motif. To uncover possible 117 functional diversity among IMA peptides, we generated also transgenic lines overexpressing 118 IMA3. Growth of both IMA1 Ox and IMA3 Ox lines appeared to be negatively correlated 119 with the Fe concentration ( Fig. 2a ; Supplementary Fig. 3a ,c). No significant growth penalty 120 of the IMA Ox lines was observed in the absence of Fe ( Fig. 2a ; Supplementary Fig. 3a ). 121 Importantly, when grown on media with limited Fe availability due to immobilization of Fe 122 by using ferric chloride as an Fe source at neutral pH (navFe, 10 µM FeCl 3 at pH 7), rosettes 123 of most of the IMA Ox lines had higher chlorophyll concentrations and contained 124 significantly more Fe than control plants overexpressing EYFP ( Supplementary Fig. 3b Table 2). This information was used to refine the IMA consensus motif (Fig. 3a ). We failed 141 to detect IMA-encoding sequences in the genomes of gymnosperms, ferns, algae or fungi, 142 suggesting that IMA emerged at an early stage of angiosperm evolution. All IMA motif-143 containing genes are either unannotated or annotated as encoding unknown proteins. Notably, 144 putative IMA homologs are among the most Fe-responsive genes in both roots and leaves of 145 species for which data on Fe deficiency-induced changes in transcriptional profiles are 146 available (see Supplementary Table 2 for gene IDs); e.g. tomato 38 (designated SlIMA1), rice 34 147 (designated OsIMA1 and OsIMA2) and soybean 39 (designated GmIMA1-5). Amino acid 148 alignments of the encoded peptides show no sequence similarity except for the conserved 149 IMA sequence (Fig. 3b ). Alignment of the amino acid sequences of all IMA-encoding genes 150 and a phylogenetic tree inferred from the computed sequences are shown in Supplementary 151
Fig. 4. 152
To verify the supposition that the conserved motif is the functional part of IMA 153 peptides, we produced transgenic plants overexpressing the 17 C-terminal amino acids of 154 IMA1 preceded by a start codon. Under standard growth conditions, plants expressing this 155 construct exhibited constitutively induced FCR activity similar to IMA1 Ox lines ( Fig. 3c IMA1 O ∆3 showed root FCR rates that were not significantly different from those of control 162 plants ( Fig. 3d ). All transgenic lines expressed their respective IMA1 ORF version at 163 comparable levels ( Supplementary Fig. 5 ). Based on these data, we concluded that the IMA 164 motif in IMA1 is necessary and sufficient to induce Fe uptake in roots. This result implies 165 that there is a strong likelihood of redundancy between the eight IMA genes in Arabidopsis. 166
To further clarify the role of IMA1 in Fe uptake, we attempted to silence IMA1 and with decreased expression of both genes grew as big and healthy as control plants in all 169 conditions tested ( Supplementary Fig. 6d ), and their ability to induce Fe deficiency was not 170 affected ( Supplementary Fig. 6c ). To overcome putative genetic redundancy among the IMA 171 genes, we silenced all eight IMA genes using CRISPR-Cas9 genome editing (Fig. 4 ). The 172 generated octuple mutant (ima8x) carried two large deletions on chromosome 1 in the 10 kb 173 region, containing the IMA1-IMA6 and IMA8 loci ( Supplementary Fig. 7 ). The ORF of IMA3 174 was subjected to a deletion in the start codon, IMA7 contained a single nucleotide insertion 175 resulting in a frameshift ( Supplementary Fig. 8 ). When grown on Fe-replete media, ima8x 176 plants were very small, extremely chlorotic ( Fig. 4a , Supplementary Fig. 9a Supplementary Fig. 10a,e ). 198
In leaves, the expression profile of IMA1 Ox plants was strikingly different from that 199 observed in roots ( Supplementary Fig.10c , d, f). Genes encoding subgroup 1b bHLH proteins 200 and other highly Fe-responsive genes were not differentially expressed between IMA1 Ox 201 and wild-type plants. By contrast, ferritins, downregulated in Fe-deficient wild-type leaves, as well as genes involved in long-distance circulation and seed loading (NAS3 40 and YSL1 44 ), 203
were upregulated in leaves of IMA1 Ox. It thus appears that in roots, overexpression of IMA1 204 triggers a pronounced Fe-deficiency response and promotes root-to-shoot translocation of Fe, 205 while leaves respond with the induction of genes involved in counteracting Fe-excess 206 ( Supplementary Fig.10f ). This profile is reminiscent to that of the opt3 mutant, which 207 displays an upregulated Fe deficiency response in roots due to compromised shoot-to-root 208 signaling 30-31 . Leaves of opt3 plants display a transcriptional profile consistent with 209 unimpaired local Fe sensing but compromised systemic signaling, leading to a constitutively 210 activated Fe-deficiency response 45 . 211
In control plants, induction of all but one (IMA4) IMA genes was more pronounced in 212 leaves than in roots ( Supplementary Fig. 2 ). Higher transcript levels in leaves compared to 213 roots were also observed for all putative rice and soybean IMA homologs 34,39 . Translatome 214 profiling of Arabidopsis found IMA1 specifically translated in the phloem 46 , prompting us to 215 investigate whether IMAs control shoot-to-root signaling of Fe-deficiency. In transgenic lines 216 expressing a promIMA1::EYFP construct, fluorescence was predominantly observed in the 217 phloem of roots ( Fig. 5a -d) and leaves ( Fig. 5e,f ), suggesting that IMA1 itself could 218 constitute a mobile signal. 219
Next, we reciprocally grafted IMA1 Ox shoots onto wild-type rootstocks (IMA1 220 Ox/WT) and wild-type shoot scions onto IMA1 Ox rootstocks (WT/IMA1 Ox), and 221 determined the FCR activity of the graft combinations. The opt3-2 mutant was used as a 222 positive control. Under Fe-replete conditions, the wild type displayed low FCR activity, 223
whereas opt3-2 and IMA1 Ox plants displayed high FCR rates ( Fig. 6a ). Wild-type scions 224 grafted onto opt3-2 rootstocks had low FCR activity whereas opt3-2/WT grafts displayed 225 high FCR, confirming that altered signaling from the shoot is causative for the constitutive 226 root Fe-deficiency response of the opt3-2 mutant. WT/IMA1 Ox grafts exhibited high root 227
FCR activity, suggesting that increased IMA levels in roots are sufficient to trigger a 228 constitutive Fe-deficient response. Wild-type rootstocks grafted with IMA1 Ox shoots 229 showed a significantly increased FCR when compared to roots of wild-type plants, although 230 the level was somewhat lower than that of opt3-2 and IMA1 Ox plants. Ungrafted and self-231 grafted Fe-deficient ima8x mutants were unable to induce root FCR ( Fig. 4b; Fig. 6b ). 232
Reciprocal grafting of the ima8x mutant showed that wild-type scions could partly rescue the 233 impaired FCR induction in ima8x rootstocks (Fig. 6b ), and wild-type rootstocks grafted with 234 ima8x scions induced an FCR activity to a level similar to that of self-grafted controls.
of Fe-sufficient plants. These results support the supposition that IMAs are phloem mobile 237 peptides that positively regulate iron-deficiency response in roots. 238
In stable transgenic plants expressing an EYFP:IMA1 fusion protein, fluorescence 239 was observed in the cytosol and nuclei ( Fig. 7b,d Supplementary Fig. 12 ; Supplementary Table 3 ). When different 254 metals were provided simultaneously, IMA1pep-Fe 2+ , IMA1pep-Zn 2+ , and IMA1pep-Cu + 255 complexes were observed in the presence of ascorbate as a reductant ( Supplementary Fig.  256 12a); IMA1pep-Mn 2+ and -Cu 2+ complexes were only detected under non-reductive 257 conditions ( Supplementary Fig. 12b ). Only complexes with Fe 2+ and Mn 2+ were recovered 258 after chromatography ( Supplementary Fig. 13a ), suggesting that complexes with ferrous Fe 259 and Mn were more stable than other metal/peptide conglomerates. Interestingly, no signal 260 could be detected when peptides were saturated with metal ions and a precipitate formed 261 quickly upon addition of the metal solution ( Supplementary Fig. 13b ). Together the data 262 suggest that IMA peptides can bind various metal ions with a moderate specificity for Fe 2+ , 263 and saturation of the binding sites destabilizes the protein in aqueous solution. 264
To investigate if IMA function is conserved across species, we produced transgenic 265 tomato plants expressing AtIMA1 driven by the CaMV 35S promoter. Fruits of two 266 independent transgenic tomato lines overexpressing AtIMA1 cDNA were found to contain 267 significantly more Fe, Mn and Zn than control plants (Fig. 8a) . Perls'-DAB staining revealed 268 pronounced Fe accumulation in the transgenic plants that was confined to the vasculature plant rice produces the same phenotype than AtIMAs, we expressed OsIMA1 cDNA in 271
Arabidopsis. In rosettes of OsIMA1c Ox 12-2 and OsIMA1c Ox 7-1, the Fe concentration 272 was increased by 1.5 to 2-fold, respectively, when compared to wild-type plants (Fig. 8c) . 273
Increased Fe levels in rosettes of the transgenic plants were confirmed by Perls' staining and 274
were absent in control plants (Fig. 8d) . Under Fe-sufficient conditions, roots of OsIMA1 Ox 275 lines showed a slight but significant elevation in FCR activity relative to wild-type plants, 276
indicating that the accumulation of Fe was associated with an induced Fe deficiency response 277 in roots (Fig. 8e) . Supplementary Fig. 14) . Endogenous IMAs 300 have, however, neither been detected through antibodies nor by mass spectrometry. This 301 could be explained by an inherent instability of the peptides and/or low translation of the Direct evidence for a function of IMAs as peptides derives from the observed increase in 304
FCR activity in plants expressing an IMA1:EYFP fusion protein. 305
Although the exact molecular mechanism by which IMAs regulate Fe uptake genes 306 remain to be elucidated, binding to Fe 2+ may control the stability of IMA peptides and 307 thereby regulate Fe uptake. Negatively charged residues such as aspartate participate in the 308 Fe coordination in numerous proteins 52,53,54 . Consistent with the putative metal-binding 309
properties of the Asp stretch in the IMA motif, we showed that IMA peptides can bind Fe 2+ 310 and other metals. Saturation of the binding sites triggered precipitation of the peptide. 
Generation of transgenic lines 366
Full-length AtIMA1 cDNA was amplified with engineered BamHI sites and cloned into constructs used for the overexpression of AtIMA1 (lines IMA1o Ox 7-4 and 8-5), IMA1o∆1, 371
IMA1o∆2, IMA1o∆3 and IMA3, the ORFs were cloned into PCR8/GW/TOPO (ThermoFisher 372 Scientific). ORFs were subsequently transferred into the pH2GW7 vector 59 (obtained from 373 the Vlams Instituut voor Biologie) by Gateway TM LR recombination, yielding the pHIMA1 374 and pHIMA3 vectors. IMA1 deletions were generated by PCR using pIMA1TOPO as a 375 template and recombined with pH2GW7 to produce the binary pHIMA1∆1, pHIMA1∆2 and 376 pHIMA1∆3 vectors. For OsIMA1 Ox, EYFP Ox, and IMA1pep lines, the full-length cDNA 377 of gene LOC_Os01g45914, the EYFP ORF, and the partial IMA1 ORF encoding the last 17 378 amino acids with an engineered upstream ATG codon, respectively, were subcloned into the 379 pENTR TM /D/TOPO vector and recombined with pH2GW7 by Gateway TM LR recombination 380 to obtain the pHOsIMA1, pHEYFP, and pHIMA1pep vectors. The 35Spro::EYFP:IMA1 381 construct was obtained by cloning IMA1 ORF into the PCR8/GW/TOPO vector and 382 subsequent Gateway TM LR recombination with the pGWB542 vector 60 . Agrobacterium 383 tumefaciens strain GV3101 (pMP90) was used to transform Arabidopsis Col-0 plants via the 384 floral dip method 61 ; strain LBA4404 was used to transform the tomato cultivar MicroTom as 385 previously described 62 . All transgenic plants were generated by the Transgenic Plant Core 386
Facility of Academia Sinica. Primers used for cloning are listed in Supplementary Table 4 . 387 388
Multiplex genome editing 389
Target sequences were selected within coding sequences of all eight IMAs as close as 390 possible to the ATG. The specificity of the sequences was assessed using the Cas-OFFinder 391 tool (http://www.rgenome.net/cas-offinder/) 63 . Sequences and their target cutting sites are 392 given in Supplementary Table 5 . The two cassettes for expression of the multiple gRNA 393 scaffolds were used as described in 64 with either flanking attL4 and attR1, or attR2 and attL3 394 recombination sequences, respectively, for the first cassette targeting IMA1, 2, 3 and 7, and 395 the second cassette targeting IMA4, 5, 6 and 8. Each cassette was synthesized with its 396 flanking gateway sequences and cloned into a pUC57 vector harboring a kanamycin 397 resistance gene by the Genewiz company (South Plainfield, NJ, USA). The sequenced with HiSeq v4 HT reagents on an Illumina HiSeq-2500 sequencer. Adapter 477 sequences were removed from raw reads using Trimmomatic in keep-two-reads mode before 478 aligning to the Arabidopsis TAIR10 genome sequence. For each sample, more than 30 479 million reads were aligned to TAIR10 gene models with at least 95% identity without indels. 
